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(57) ABSTRACT

A method of antenna array processing. Digitized time-series
data from a plurality of antenna elements are divided into a
plurality of time windows. A Fourier Transform is performed
on a time window of the plurality of time windows for each
antenna element of the plurality of antenna elements to gen-
erate a plurality of frequency domain vectors. The plurality of
antenna elements is divided into a plurality of largest aperture
sub-arrays. The frequency domain vectors are compressive
beamformed tor the each sub-array to generate a plurality of
bearing estimates corresponding to the plurality of sub-ar-
rays. The plurality of bearing estimates from the plurality of
sub-arrays are sparsely combined to generate a plurality of
frequency-specific bearing estimates. The plurality of fre-
quency-specific bearing estimates are incoherently averaged
over a range of frequencies to generate a bearing for a bear-
ing-timing record. A plurality of bearings for the bearing-
timing record is generated.

20 Claims, 1 Drawing Sheet
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COMPRESSIVE BEAMFORMING

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to U S. Provisional
Patent Application Ser. No. 61/659,062, filed 13 Jun. 2012.

FIELD OF THE INVENTION

The invention relates generally to a method of target detec-
tion, and more particularly to a method of target detection
using antenna array processing underwater in an environment
exhibiting non-uniform noise.

BACKGROUND OF THE INVENTION

Beamforming has achieved wide success in passive sonar
applications such as the detection and localization of sound
sources. Plane-wave acoustic beamforming is commonly
applied to ship-towed horizontal arrays, where it is used to
detect targets, determine target bearing angle, and to enhance
signal-to-noise ratio. Specifically, it is a technique for the
estimation of the spatial Fourier wave-number spectrum from
measurements of a spatially varying acoustic field. Discrete
peaks in the spectrum are associated with sources of sound
localized in space. However, beamforming is a conventional
1, technique and requires that measurements be properly
sampled; i.e., the array must have at least twice as man
samples as the highest wavenumber in order to prevent alias-
ing. In practice, this means that sensing arrays must have
many receivers, and that the receivers must be periodically
spaced for beamforming to perform well. Thus, arrays are
expensive and are compromised by damage to individual
receivers.

BRIEF SUMMARY OF THE INVENTION

An embodiment of the invention includes a method of
antenna array processing in an underwater environment
exhibiting non-uniform noise. An antenna array including a
plurality of antenna elements is provided. Adjacent antenna
elements ofthe plurality of antenna elements are uniformly or
non-uniformly spaced along the antenna array. Time-series
data from the plurality of antenna elements are recorded. The
recorded time-series data are digitized. The digitized time-
series data are divided into a plurality of time windows. A
Fourier Transform is performed on a time window of the
plurality of time windows for each antenna element of the
plurality of antenna elements to generate a plurality of fre-
quency domain vectors. The plurality of antenna elements is
divided into a plurality of largest aperture sub-arrays, each
sub-array of the plurality of equal aperture sub-arrays includ-
ing non-uniformly spaced antenna elements from the antenna
array. The frequency domain vectors are compressive beam-
formed for the each sub-array to generate a plurality of bear-
ing estimates corresponding to the plurality of sub-arrays.
The plurality of bearing estimates from the plurality of sub-
arrays are sparsely combined to generate a plurality of fre-
quency-specific bearing estimates. The plurality of fre-
quency-specific bearing estimates are incoherently averaged
over a range of frequencies to generate a bearing for a bear-
ing-timing record. The performing a Fourier Transform on a
time window, the dividing the plurality of antenna elements,
the compressive beamforming the frequency domain vectors,
and the incoherently averaging the plurality of frequency-
specific bearing estimates are repeated to generate a plurality
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of bearings for the bearing-timing record. Beamformer out-
put is displayed based on the bearing-timing record.

Optionally, the plurality of largest aperture sub-arrays sat-
isfy the Uniform Uncertainty Principle.

Optionally, compressive beamforming includes beam-
forming free of a covariance matrix.

The beamforming free of a covariance matrix includes
solving for a plurality of bearing angles using an I1 matrix
inversion.

Optionally, solving for a plurality of bearing angles using
an I1 inversion includes using a relaxation algorithm or a
greedy algorithm.

Optionally, beamforming free of a covariance matrix
includes solving for a plurality of bearing angles using an 11
matrix inversion and an 12 constraint.

Optionally, this method embodiment further includes
tracking at least one target using the displayed beamformer
output. Optionally, this method embodiment further includes
classifying the at least one target based on the beamformer
output.

Optionally, the antenna array is a ship-towed, a horizontal
array, a vertical array, a moored array, a conformal array, or a
hull array.

Optionally, sparsely combining the plurality of bearing
estimates for the plurality of sub-arrays includes selecting a
plurality of minimum bearing estimates corresponding to a
plurality of angles across a plurality of frequencies.

In another embodiment of the invention, compressive sens-
ing is used to exactly reconstruct a sparse signal with fewer
measurements than would be expected from traditional sam-
pling theory. Compressive sensing is applied to beamforming
measured underwater acoustic data that is sufficiently sparse
in bearing angle. This embodiment improves visibility of
lines in bearing-time displays for ocean detection problems.
Compared with conventional beamforming, compressive
sensing according to the instant invention shows finer angular
resolution and greater sidelobe and noise suppression when
applied to measured at-sea data. Furthermore, the technique
is demonstrated to work on a sub-sampled array with no loss
in signal-to-interference ratio performance, even with a num-
ber of elements that would equivalently produce a three-
wavelength spaced array (conventionally half wavelength).
Therefore, the inventive method allows the use of arrays with
dead hydrophones or allows the possibility of acoustic arrays
to he manufactured with fewer elements.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. is a flow chart of an illustrative method embodiment
of the instant invention.

DETAILED DESCRIPTION OF THE INVENTION

Applicants applied a compressive sensing technique to
bearing estimation using, for example, a towed array and have
determined that compressive sensing provides better esti-
mates of target wavenumbers (i.e., bearings) while only
requiring approximately one eighth of the number of mea-
sured samples as conventional techniques in at least one
embodiment of the invention.

In compressive sensing theory, 1;-minimization has been
shown to be an efficient method to exactly reconstruct the
sparsest solution to underdetermined problems of linear
equations. On considering the application of compressive
sensing to target detection, Applicants first assumed that there
exists an unknown signal of interest x,eR”. The signal is
sparse. That is the signal has only a few values that are
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significantly larger than the rest. Applicants realized that it is
possible to generate a vector of measured data yeR™, via the
linear projection Ax=y, where the sensing matrix A is chosen
such that it has rank M and dimension M<N, where N is
number of look directions. Unlike conventional 1, techniques,
Applicants appreciated that this problem can be solved even
though the measurements in y are fewer than the dimension of
X, where X, is sufficiently sparse—namely that the number of
samples of x is less than K, where K<<M. The sparsity-
sensing properties of this technique have made it ideal for
such applications as bandwidth compression, image recov-
ery, and signal recovery. In an embodiment of the instant
invention, a standard alternating direction algorithm is used to
solve this convex optimization problem. An illustrative
description of a standard alternating direction algorithm can
be found in YANG, J. et al., Alternating direction algorithms
for 11-problems in compressive sensing. TR09-37, Rice Uni-
versity, Houston, (2010), a copy of which can be found at
http;//arxiv,org/abs/0912.1185 and is incorporated herein by
reference. As an example of an alternating direction algo-
rithm, the YALL1 algorithm produces repeatable inversions
for beamforming using compressive sensing. An illustrative
description of the YALL1 algorithm can be found at Zhang, Y.
(2011) YALL1: Your algorithm for .1, an open-source copy
of which can be downloaded at http://yalll.blogs.rice.edu/.
An embodiment of the invention is described with refer-
ence to FIG. 1. This embodiment includes a method of
antenna array processing in an underwater environment
exhibiting non-uniform noise. A standard antenna array
including a plurality of standard antenna elements is pro-
vided, as in Step S100. Adjacent antenna elements of the
plurality of antenna elements are uniformly or non-uniformly
spaced along the antenna array. An example of an antenna
array with non-uniformly spaced antenna elements include an
antenna array with defective, broken, or otherwise non-func-
tioning antenna elements. Time-series data from the plurality
of antenna elements are recorded, as in Step S110. The
recorded time-series data are digitized, as in Step S120. The
digitized time-series data are divided into a plurality of time
windows, as in Step S130. A Fourier Transform is performed
on a time window of the plurality of time windows for each
antenna element of the plurality of antenna elements to gen-
erate aplurality of frequency domain vectors, as in Step S140.
The plurality of antenna elements is divided into a plurality of
largest aperture sub-arrays, each sub-array of the plurality of
equal aperture sub-arrays including non-uniformly spaced
antenna elements from the antenna array, as in Step S150. For
example, an element array might be divided into 4 randomly
selected sub-arrays, each containing a unique subset of ele-
ments 2 to M-1 of length M/4. All sub-arrays also contain 1
and M to maintain total aperture. The frequency domain
vectors are compressive beamformed for the each sub-array
to generate a plurality of bearing estimates corresponding to
the plurality of sub-arrays, as in Step S160. The plurality of
bearing estimates from the plurality of sub-arrays are sparsely
combined to generate a plurality of frequency-specific bear-
ing estimates, as in Step S170. The plurality of frequency-
specific bearing estimates are incoherently averaged over a
range of frequencies to generate a bearing for a bearing-time
record, as in Step S180. The performing a Fourier Transform
on a time window, the dividing the plurality of antenna ele-
ments, the compressive beamforming the frequency domain
vectors, and the incoherently averaging the plurality of fre-
quency-specific bearing estimates are repeated to generate a
plurality of bearings for the bearing-timing record, as in Step
S190. The plurality of bearings form an increment beam-
former output. The increment beamformer output is dis-
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played based on the bearing-timing record, as in Step S200. A
plurality of increment beamformer output forms one time
window in the bearing-time record. That is, in practice, bear-
ing estimation for each time window is performed continu-
ously while the antenna array is in service. Consecutive time
windows are appended and displayed continuously, while the
antenna array is in operation, to provide situational aware-
ness. By way of example, a beamformer output display
includes, for instance, 30 minutes worth of time windows in
the y-axis and 180 angles in the x-axis. New bearingestimates
for a time window are appended to the bottom of the y-axis
and the oldest time window is deleted from the top of the plot,
according to this example. The operator, using this example,
sees a constant time window of 30 minutes and sees how
targets have changed bearing and have increased in intensity
over the course of 30 minutes.

Optionally, the plurality of largest aperture sub-arrays sat-
isfy the Uniform Uncertainty Principle.

Optionally, compressive beamforming includes beam-
forming free of a standard covariance matrix or an estimated
covariance matrix. Optionally, the beamforming free of a
covariance matrix includes solving for a plurality of bearing
angles using a standard 11 matrix inversion.

Optionally, solving for a plurality of bearing angles using
an I1 inversion includes using a standard relaxation algorithm
or a standard greedy algorithm. Examples of the standard
relaxation algorithm include standard basis pursuit and
FOCUSS algorithms. Examples of the standard greedy algo-
rithm include standard random, stagewise, weak, relaxed, and
pure orthogonal matching pursuit algorithms.

Optionally, beamforming free of a covariance matrix
includes solving for a plurality of bearing angles using a
standard 11 matrix inversion and a standard 12 matrix inver-
sion.

Optionally, this method embodiment further includes
tracking at least one target using the displayed beamformer
output. Optionally, this method embodiment further includes
classifying the at least one target, based on the beamformer
output.

Optionally, the antenna array is a standard ship-towed hori-
zontal array, a standard moored array, of standard conformal
array, or a standard hull array.

Optionally, sparsely combining the plurality of bearing
estimates for the plurality of sub-arrays includes selecting a
plurality of minimum hearing estimates corresponding to a
plurality of angles across a plurality of frequencies. In other
words, bearing look direction estimates are made for each
subarray at a given frequency and time window. The smallest
estimated bearing (at each look direction) across the subar-
rays is picked as the official bearing estimate for a given
frequency and time window. Then, the plurality of frequency-
specific bearing estimates is incoherently averaged across
frequencies to get a bearing estimate for that time window.

Another embodiment of the instant invention includes a
method of passive target detection where the number of
sources and their source signals are considered unknown in
the presence of noise. A limited number of targets are
assumed to be distributed in bearing (look angle). We wish to
determine the bearing and magnitude of these sparse number
sources. Our receiver consists of a linear array (either hori-
zontal or vertical) that has arbitrary inter-element spacing.
Letr be the vector of receive positions. The classical equation
for a beamformer is

iFesin (B )rm

M

where A are the phase and amplitude weights calculated for
any frequency f=kc/(2m), where c is the sound speed of the

A=W, €
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medium. The look directions, 6,,, range from O to & radians
with 7t/2 being defined as broadside to the array. If so desired,
the array may be shaded with w, e.g. hanning, hamming, or
box car as illustrative standard windowing techniques. The
discretized basis A is shown in Eq. 1. For an M element
measured array, N look directions will be searched for in the
beam domain.

Here we consider the apparently underdetermined problem
where N>M. The sparsity solution x contains the angle and
amplitude information of the K<M targets present and can be
estimated by the following 1, minimization problem:

X=argmin|x||;, subject to Ax=y

@
wherey is a vector of measurements y=[y,. .. v,,]” and X is the
solution of the unknown x.

Broadband estimation of an unknown source signal

In passive detection problems, usually the source function
of the target of interest is considered unknown. Therefore, a
coherent broadband A matrix cannot be constructed to search
for the sparse look direction vector X. One solution is to solve
each frequency independently, and incoherently average the
solutions producing as final beamformer output of

=2 JI%(H)r

for all J frequencies.
Rank and Stability

Most linear arrays have inter-element spacing designed for
a specific frequency. When such an array is used at a lower-
than-design frequency. A becomes ill-conditioned. Even in
the case of an arbitrarily spaced array, the rank of A may be
insufficient, leading to inversion instabilities. In order to
improve the rank of A, yet retain potentially valuable data in
y, the use of singular value decomposition (“SVD”) to intel-
ligently pre-condition the basis set and data is proposed.

By performing the SVD of A (where H indicates the con-
jugate transpose) we find;

USVix=y 3)

The diagonal of S contains the singular values of A. In this
specification, all singular values less than %100 of the maxi-
mum value are set to zero. Thus, the size of the A matrix will
be reduced from NxM to NxP, when P is the number of
retained singular values of S. After reducing the U and S
matrix to their non-zero columns and rows (U and §, respec-
tively):

TR USVx=UHy, or equivalently dx=7 (©)]

and the solution is

f=argmin|p||;, subject to 4x=y 5)

Thus, the A matrix is ensured to have a stable condition
number for inversion and all of the (redundant) data are maxi-
mally utilized. Additionally, reducing the sizes of A andy also
has the effect of decreasing the computational time required
for inversion results. The SVD can also generate orthonor-
mality, and thereby improve the matrix, condition, though, in
this case, the beam matrix A is normal as defined.

One aspect of this embodiment of the invention is coher-
ently utilizing data subsets while preserving total look angles.
An equally sampled array (as most are) does not satisfy the
uniform uncertainty principle, which is an important conver-
gence condition for compressive beamforming, One example
would be randomly splitting the M receiver array into two
subsets of size M/2. These compressive beamforming esti-
mates of x are then sparsely combined, increasing the ratio of
signal strength to noise and sidelobes, thus improving perfor-
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mance. This does notresult in a loss of number of beam angles
N. As mentioned before, compressive beamforming can solve
for N>M look directions.

An embodiment of the invention comprises a computer
program for passive target detection, which computer pro-
gram embodies the functions, filters, or subsystems described
herein. However, it should be apparent that there could be
many different ways of implementing the invention in com-
puter programming, and the invention should not be con-
strued as limited to any one set of computer program instruc-
tions. Further, a skilled programmer would be able to write
such a computer program to implement an exemplary
embodiment based on the appended diagrams and associated
description in the application text. Therefore, disclosure of a
particular set of program code instructions is not considered
necessary for an adequate understanding of how to make and
use the invention. The inventive functionality of the claimed
computer program will be explained in more detail in the
following description read in conjunction with the figures
illustrating the program flow.

One of ordinary skill in the art will recognize that the
methods, systems, and control laws discussed above with
respect to passive target detection may be implemented in
software as software modules or instructions, in hardware
(e.g., a standard field-programmable gate array (“FPGA”) or
a standard application-specific integrated circuit (“ASIC”), or
in a combination of software and hardware. The methods,
systems, and control laws described herein may be imple-
mented on many different types of processing devices by
program code comprising program instructions that are
executable by one or more processors. The software program
instructions may include source code, object code, machine
code, or any other stored data that is operable to cause a
processing system to perform methods described herein.

The methods, systems, and control laws may he provided
on many different types of computer-readable media includ-
ing computer storage mechanisms (e.g., CD-ROM, diskette,
RAM, flash memory, computer’s hard drive, etc.) that contain
instructions for use in execution by a processor to perform the
methods’ operations and implement the systems described
herein.

The computer components, software modules, functions
and/or data structures described herein may be connected
directly or indirectly to each other in order to allow the flow of
data needed for their operations. It is also noted that software
instructions or as module can be implemented for example as
a subroutine unit or code, or as a software function unit of
code, or as an object (as in an object-oriented paradigm), or as
anapplet, orinas computer script language, or as anothertype
of computer code or firmware. The software components
and/or functionality may be located on a single device or
distributed across multiple devices depending upon the situ-
ation at hand.

Systems and methods disclosed, herein may use data sig-
nals conveyed using networks (e.g., local area network, wide
area network, internet, etc.), fiber optic medium, carrier
waves, wireless networks, etc, for communication with one or
more data processing devices. The data signals can carry an or
all of the data disclosed herein that is provided to or from a
device.

This written description sets forth the best mode of the
invention and provides examples to describe the invention
and to enable at person of ordinary skill in the art to make and
use the invention. This written description does not limit the
invention to the precise terms set forth. Thus, while the inven-
tion has been described in detail with reference to the
examples set forth above, those of ordinary skill in the art may
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effect alterations, modifications and variations to the
examples without departing from the scope of the invention.

These and other implementations are within the scope the
following claims.

What is claimed as new and desired to be protected by
Letters Patent of the United States is:

1. A method of antenna array processing in an underwater
environment exhibiting non-uniform noise, the method com-
prising:

providing an antenna array comprising a plurality of

antenna elements, adjacent antenna elements of the plu-
rality of antenna elements being uniformly spaced along
the antenna array;

recording time-series data from the plurality of antenna

elements;

digitizing the recorded time-series data;

dividing the digitized time-series data into a plurality of

time windows;

performing a Fourier Transform on a time window of the

plurality of time windows for each antenna element of
the plurality of antenna elements to generate a plurality
of frequency domain vectors;

dividing the plurality of antenna elements into a plurality of

largest aperture sub-arrays, each sub-array of the plural-
ity of equal aperture sub-arrays comprising non-uni-
formly spaced antenna elements from the antenna array;
compressive beamforming the frequency domain vectors
for the each sub-array to generate a plurality of bearing
estimates corresponding to the plurality of sub-arrays;
sparsely combining the plurality of bearing estimates from
the plurality of sub-arrays to generate a plurality of
frequency-specific bearing estimates;
incoherently averaging the plurality of frequency-specific
bearing estimates over a range of frequencies to generate
a bearing for a bearing-timing record;

repeating the performing a Fourier Transform on a time
window, the dividing the plurality of antenna elements,
the compressive beamforming the frequency domain
vectors, and the incoherently averaging the plurality of
frequency-specific bearing estimates to generate a plu-
rality of bearings for the bearing-timing record; and

displaying an increment beamformer output based on the
plurality of bearings for the bearing-timing record.

2. The method according to claim 1, wherein the plurality
oflargest aperture sub-arrays satisfy the Uniform Uncertainty
Principle.

3. The method according to claim 1, wherein said compres-
sive beamforming comprises beamforming free of a covari-
ance matrix.

4. The method according to claim 3, wherein said beam-
forming free of a covariance matrix comprises solving for a
plurality of bearing angles using an 11 matrix inversion.

5. The method according to claim 4, wherein said solving
for a plurality of bearing angles using an I1 inversion com-
prises using one of a relaxation algorithm and a greedy algo-
rithm.

6. The method according to claim 3, wherein said beam-
forming free of a covariance matrix comprises solving for a
plurality of bearing angles using an I1 matrix inversion and an
12 matrix inversion.

7. The method according to claim 1, further comprising:

tracking at least one target using the displayed beamformer

output.

8. The method according to claim 5, further comprising:

classifying the at least one target based on the beamformer

output.
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9. The method according to claim 1, wherein the antenna
array is one of a ship-towed, horizontal array, a moored array,
a conformal array, and a hull array.

10. The method according to claim 1, wherein said sparsely
combining the plurality of bearing estimates for the plurality
of sub-arrays comprises selecting a plurality of minimum
bearing estimates corresponding to a plurality of angles
across a plurality of frequencies.

11. A method of antenna array processing in an underwater
environment exhibiting non-uniform noise, the method com-
prising:

providing an antenna array comprising a plurality of

antenna elements, adjacent antenna elements of the plu-
rality of antenna elements being non-uniformly spaced
along the antenna array;

recording time-series data from the plurality of antenna

elements;

digitizing the recorded time-series data;

dividing the digitized time-series data into a plurality of

time windows;

performing a Fourier Transform on a time window of the

plurality of time windows for each antenna element of
the plurality of antenna elements to generate a plurality
of frequency domain vectors;
dividing the plurality of antenna elements into a plurality of
largest aperture sub-arrays, each sub-array of the plural-
ity of equal aperture sub-arrays comprising non-uni-
formly spaced antenna elements from the antenna array;

compressive beamforming the frequency domain vectors
for the each sub-array to generate a plurality of bearing
estimates corresponding to the plurality of sub-arrays;

sparsely combining the plurality of hearing estimates for
the plurality of sub-arrays generate a plurality of fre-
quency-specific bearing estimates;
incoherently averaging the plurality of frequency-specific
bearing estimates over a range of frequencies to generate
a bearing for a bearing-tinting record;

repeating the performing a Fourier Transform on a time
window, the dividing the plurality of antenna elements,
the compressive beamforming the frequency domain
vectors, and the incoherently averaging the plurality of
frequency-specific bearing estimates to generate a plu-
rality of bearings for the bearing-timing record; and

displaying an increment beamformer output based on the
plurality of bearings for the bearing-timing record.

12. The method according to claim 11, wherein the plural-
ity of largest aperture sub-arrays satisfy the Uniform Uncer-
tainty Principle.

13. The method according to claim 11, wherein said com-
pressive beamforming comprises beamforming free of a
covariance matrix.

14. The method according to claim 13, wherein said beam-
forming free of a covariance matrix comprises solving for a
plurality of bearing angles sing an 11 matrix inversion.

15. The method according to claim 14, wherein said solv-
ing for a plurality of bearing angles using an I1 inversion
comprises using one of a relaxation algorithm and a greedy
algorithm.

16. The method according to claim 13, wherein said beam-
forming free of a covariance matrix comprises solving for a
plurality of bearing angles using an 11 matrix inversion and an
12 matrix inversion.

17. The method according to claim 11, further comprising:

tracking at least one target using the displayed beamformer

output.
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18. The method according to claim 17, further comprising:

classifying the at least one target based on the beamformer

output.

19. The method according to claim 11, wherein the antenna
array is one of a ship-towed, horizontal array, a moored array, 53
a conformal array, and a hull array.

20. The method according to claim 11, wherein said
sparsely combining the plurality of bearing estimates for the
plurality of sub-arrays comprises selecting a plurality of
minimum bearing estimates corresponding to a plurality of 10
angles across a plurality of frequencies.
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